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BACKGROUND: Inhaled nitric oxide (INO) is used to treat hypoxic respiratory failure without

clear evidence of benefit. Future trials to evaluate its use will be designed based on an under-

standing of the populations in which this therapy is provided and with outcomes based on

patient characteristics, for example, a history of premature birth. METHODS: This was a multi-

center prospective observational study that evaluated subjects in the pediatric ICU who were

treated with INO for a respiratory indication, excluding those treated in the neonatal ICU or

treated for birth-related disease. We used logistic regression to evaluate characteristics associ-

ated with mortality and duration of mechanical ventilation. Specifically, we compared

subjects born early preterm (<32 weeks post-conceptual age), late preterm (32–37 weeks post-

conceptual age), and full term. RESULTS: A total of 163 children (median age [interquartile

range], 1.8 [0.7–6.0] y) were included, 41 (25.2%) had a history of preterm birth (18 born early

preterm and 23 born late preterm). INO was initiated for less-severe lung disease in the early pre-

term versus late preterm versus full-term subjects (median mean airway pressures, 16 vs 19 vs 19

cm H2O; P 5 .03), although the oxygenation index and oxygenation saturation index did not

differ. The early preterm subjects had more ventilator-free days (median, 18.0, 7.0, 4.5 d;

P 5 .02) and lower 28-d mortality (0, 26.1, 32.0%; P 5 .007). Lower respiratory tract disease, but

not a history of prematurity, was independently associated with lower mortality. CONCLUSIONS:

INO was used differently in early preterm subjects. Clinical trials that evaluate INO use should

have standardized oxygenation deficit thresholds for initiation of therapy and should consider

stratifying by early preterm status. Key words: pediatric; Acute Respiratory Distress Syndrome; criti-
cal care outcomes; nitric oxide; right ventricular failure; pulmonary hypertension; infant; premature.
[Respir Care 2021;66(10):1549–1559. © 2021 Daedalus Enterprises]

Introduction

Infants born preterm, especially early preterm (<32

weeks post conceptual age at birth) are at risk for impaired

pulmonary angiogenesis and alveolarization. The arrested

pulmonary development results in simplification of the

distal lung air space, which causes a reduction of the

alveolar-capillary surface area limiting gas exchange.1

Bronchopulmonary dysplasia, the chronic lung disease of

infancy that occurs in preterm neonates who have required

mechanical ventilation and oxygen therapy for acute re-

spiratory distress at birth, is characterized by a prolonged

need for supplemental oxygen, with recurrent respiratory

exacerbations and frequent hospitalizations.2-9 However,

manifestations of disease are highly variable. In addition,

up to 25% of children with moderate or severe broncho-

pulmonary dysplasia have concomitant pulmonary hyper-

tension10,11 and altered pulmonary vascular regulation,

which result in ventilation-perfusion mismatch with sub-

sequent acute pulmonary insults.12,13 For these reasons,

formerly preterm children are at risk of profound hypoxe-

mia with acute respiratory infections later in child-

hood.1,14-17 Compared with patients who were born at

term, patients born preterm, including those born late pre-

term (32–37 weeks post-conceptual age at birth), are more

frequently admitted to the pediatric ICU with respiratory
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illnesses, and incur longer and more resource-intensive

hospitalizations.5

Acute pulmonary insults (eg, lower respiratory tract

infections) can lead to severe hypoxemia and acute pulmo-

nary hypertension that require mechanical ventilation sup-

port. Inhaled nitric oxide (INO) is a therapy often used to

treat pulmonary vascular disease and severe ventilation-

perfusion mismatch associated with acute hypoxemic respi-

ratory failure during pediatric critical illness.18,19 The

continued controversy surrounding the potential effective-

ness of INO use in patients who are critically ill has led

intensivists to contemplate a targeted trial to evaluate its ef-

ficacy. To optimally design a trial, it is important to under-

stand the following: (1) the pattern of usage across the

population of patients with respiratory failure, and (2) the

incidence of likely outcome measures (eg, mortality), par-

ticularly across key subgroups, such as formerly premature

infants who may display differential responses to the ther-

apy. The objectives of this study were to (1) characterize

INO use for respiratory failure in children who are critically

ill based on their history of prematurity, and (2) delineate

outcomes based on a history of prematurity to inform a

future clinical trial. We tested the hypothesis that patients

with a history of preterm birth have differing indications

and thresholds of pulmonary support for which INO is initi-

ated compared with patients with a history of full-term

birth.

Methods

This was a secondary analysis of a previously published

prospective observational cohort study that enrolled con-

secutive subjects treated with INO in the pediatric ICU

or Cardiac ICU of the 8 Collaborative Pediatric Critical

Care Research Network institutions between October 15,

2015 and October 31, 2016.18 Eligible subjects were < 18

years of age, were on mechanical ventilation, and received

INO in the pediatric ICU or Cardiac ICU. We did not
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Current knowledge

Inhaled nitric oxide (INO) is a controversial therapy of-

ten used to treat pulmonary vascular disease and severe

ventilation-perfusion mismatch associated with acute

hypoxemic respiratory failure during pediatric critical

illness. A high proportion of children afflicted with

these severe illnesses have a history of preterm birth

and may respond differently to treatment with INO due

to impaired pulmonary angiogenesis and alveolariza-

tion. Intensivists continue to contemplate a targeted

trial to evaluate the efficacy of INO.

What this paper contributes to our knowledge

Children with a history of an early preterm birth who

were treated with INO for a respiratory indication

more often had direct pulmonary injury, were initi-

ated on INO at a less-severe stage of respiratory

impairment, and experienced better outcomes com-

pared with the children with a history of late preterm

or full-term birth. Patients with a history of prematur-

ity represent a key subgroup in future trials to evalu-

ate the efficacy of this therapy in acute respiratory

failure.
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evaluate patients who had received INO while in the neona-

tal ICU and excluded those who had received INO for lung

disease related to complications at birth, specifically new-

borns with congenital diaphragmatic hernia, meconium

aspiration syndrome, or persistent pulmonary hypertension

of the newborn, to exclude patients for whom INO was

used to treat perinatal lung disease. We also excluded

patients for whom INO was started at an outside institution

or were previously enrolled in the study. For the current

analysis, we excluded patients administered INO for a car-

diac indication and included only subjects administered

INO for a respiratory indication. In addition, we classified

the subjects based on their birth history: early preterm if

born < 32 weeks post-conceptual age, late preterm if born

between 32 and 37 weeks post-conceptual age, and full

term if born > 37 weeks post-conceptual age. The project

was approved with a waiver of informed consent by the re-

sponsible institutional review board for every clinical site

and the data coordinating center at the University of Utah.

INO use in pediatric ARDS is considered off-label because

it has not been approved by the U.S. Food and Drug

Administration for this indication.

The clinical care team dictated ventilator management

and administration of INO. Data collection techniques

were previously described.18 Briefly, data were extracted

from the medical record by trained research coordinators.

Data collection began at the time of INO initiation and

continued daily until 28 days, discharge from the ICU, or

death. Admission data included demographics; hospitali-

zation diagnoses; comorbidities; and pre-hospital technol-

ogy dependence, defined as dependence on oxygen,

tracheostomy, ventilator, or chronic vascular access

before hospitalization. We collected, daily, the use of ICU

technologies (eg, extracorporeal membrane oxygenation,

renal replacement therapies), cardiac arrests, echocardio-

gram evaluations, medications to treat pulmonary hyper-

tension, and mechanical ventilation data. We collected all

changes to mechanical ventilator settings, blood gas meas-

urements, and changes to the INO dose immediately

before INO initiation and for the next 48 h. In addition,

we collected hourly pulse oximetry and end-tidal carbon

dioxide measurements. Based on the methods of the par-

ent study, the a priori definition of clinician responsive-

ness to oxygenation improvement after INO initiation was

defined as a decrease in the fraction of inspired oxygen to

# 0.6 by 24 h after INO initiation. The etiology of pediat-

ric ARDS was defined as direct pulmonary injury (eg,

lower respiratory tract infections and aspiration) or

indirect pulmonary injury (eg, sepsis and trauma). A

Functional Status Scale score was designated by trained

research staff at admission, reflective of pre-illness base-

line and at ICU discharge or 28 d, whichever came first.20

New ICU morbidity was defined as an increase in the

Functional Status Scale score of$3 points.21

Counts and percentages for nominal variables were

reported, whereas medians and interquartile ranges (IQR)

were used to summarize interval variables. The premature

status was treated nominally in all statistical tests. Owing to

small counts across prematurity status and non-normal vari-

able distributions in many clinical measures, non-parametric

tests of association were selected. One subject remained hos-

pitalized at the end of the study. The stay data for this subject

was truncated at study end (>8 months after admission).

Time-to-event analyses included time-to-INO discontinua-

tion among the subjects who survived the hospitalization.

The time to INO discontinuation was marked as the number

of calendar days between INO initiation and the last known

date of INO administration, ICU discharge, or the end of

ICU data collection per study protocol (28 d), whichever

occurred first. Kaplan-Meier curves were plotted to show

INO attrition on the study, whereas a Cox proportional haz-

ards model was used to evaluate INO discontinuation likeli-

hood among early preterm and late preterm subjects

compared with full-term subjects. We used univariable logis-

tic regression models to evaluate for patient and clinical

characteristics associated with in-hospital mortality. Factors

with univariable association were evaluated in multivariable

analyses by using a bidirectional stepwise variable selection

process, with criteria P < .20 to enter the multivariable

model and P < .10 to remain. We reported the odds ratio

(OR) estimates and 95% CIs of the univariable analyses and

the stepwise variable selection. All analyses were performed

by using SAS 9.4 (SAS Institute, Cary, North Carolina). We

did not make adjustments for multiple comparisons, and we

considered P< .05 to be statistically significant.

Results

Cohort Characteristics

The parent study included 571 subjects who were critically

ill and who were treated with INO.18 Herein, we reported the

results of the 163 children treated with INO for a respiratory

indication (Fig. 1). The median (IQR) age of the study was

1.8 (0.7–6.0) y; 56.4% were boys (Table 1). Forty-one sub-

jects (25.2%) had a history of preterm birth, including 18 early

preterm subjects. Nearly all the subjects (n ¼ 160 [98%])

were treated at a hospitalization separate from their birth hos-

pitalization, including all 18 early preterm (100%) and 23 late

preterm (100%) subjects. The early preterm and late preterm

subjects were younger than the subjects with a history of term

birth (median [IQR], 0.8 [0.5–1.7] y vs 0.9 [0.5–1.9] y vs 2.9

[0.9–7.8] y, respectively; P ¼ .002). The distribution of

chronic diagnoses differed across the groups of subjects with

a higher portion of the early preterm and late preterm subjects

with a preexisting chronic condition (early preterm [n ¼ 18

{100%}] vs late preterm [n ¼ 19 {82.6%}] vs full term

[n ¼ 86 {70.5%}]; P ¼ .01). Thirteen early preterm subjects
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(72.2%) and 2 late preterm subjects (8.7%) were reported to

have bronchopulmonary dysplasia. Pre-hospital technology

dependence was most frequent in the early preterm subjects

compared with the late preterm and full-term subjects (55.6,

43.5, and 23.8%, respectively; P ¼ .008). Eleven subjects

(6.7%) had a diagnosis of chronic pulmonary hypertension

before hospitalization. This was most frequent in early pre-

term subjects compared with late preterm and full-term sub-

jects (22.2, 13.0, and 3.3%, respectively; P¼ .007).

INO Use and Indication

Nearly all the subjects were given INO for respiratory

failure without evidence of elevated pulmonary arterial

pressure (n ¼ 146 [90.0%]), and this did not differ based on

prematurity status (Table 2). The etiology of respiratory

failure differed by prematurity status, with the early pre-

term subjects more frequently presenting with direct

pulmonary injury compared with the late preterm and full-

term subjects (81.3, 59.1, and 43.3%, respectively; P ¼
.009). The early preterm subjects had lower mean airway

pressures compared with late preterm and full-term subjects

at the time of INO initiation (median, 16.0, 19.0, and 19.0

cm H2O, respectively; P ¼ .03) (Table 3). Although the

early preterm subjects were ventilated with higher tidal vol-

umes (median, 9.4, 7.5, and 7.5 mL/kg, respectively; P ¼
.036), peak inspiratory pressures were not significantly dif-

ferent (median, 30.0, 32.0, 32.0 cm H2O, respectively; P ¼
.33). The oxygenation index and oxygenation saturation

index variables did not differ at the time of INO initiation

by prematurity history. However, a large portion of the

subjects did not have the necessary variables available

to calculate this metric (Table 3). There were no differ-

ences in echocardiogram abstractions at INO initiation

or during the study period based on prematurity status

(Supplementary Table 1 [see the supplementary materi-

als at http://www.rcjournal.com]).

Fifteen subjects (9.2%) were initiated on INO before

mechanical ventilation. The remaining subjects had INO

initiated after mechanical ventilation, the timing of which

did not differ based on prematurity status (Table 1). There

was no difference in the time to discontinuation of INO

among the survivors based on prematurity status (P ¼ .45)

(Fig. 2). Five children with a history of chronic pulmonary

hypertension were initiated on INO for respiratory failure:

4 without elevated pulmonary arterial pressure, and one

with elevated pulmonary arterial pressure (Supplementary

Table 2 [see the supplementary materials at http://www.

rcjournal.com]). Four of these 5 subjects had an echocar-

diogram during the 12 h before INO initiation.

Outcomes

One hundred thirty-nine subjects (85.3%) displayed an

improvement in oxygenation after INO initiation, and the

clinician responded to oxygenation improvement as meas-

ured by a decrease in FIO2
to# 0.6 by 24 h after INO initia-

tion in 97 subjects (59.9%) (Table 4). Neither the

oxygenation improvement nor the clinician responsiveness

differed by prematurity status. The early preterm subjects

had the most ventilator-free days compared with the late

preterm and full-term subjects (median, 18.0, 7.0, and 4.5

d, respectively; P ¼ .02). ICU lengths of stay were similar

among the groups (Table 4). The early preterm subjects had

a lower 28-d mortality rate compared with the late preterm

and full-term subjects (0.0, 26.1, and 32.0%, respectively;

P¼ .007).

Factors associated with increased mortality in univari-

able analysis were a history of term (vs preterm) birth (OR

2.77 [95% CI 1.14–7.82]), older chronological age (OR

1.08 [95% CI 1.01–1.16]), and indirect lung injury due to

sepsis that resulted in pediatric ARDS versus indirect lung

injury due to a non-sepsis etiology that resulted in pediatric

ARDS (OR 1.67 [95% CI 0.69–4.11]) (Table 5). Lower re-

spiratory tract disease as the etiology of respiratory

Met inclusion criteria
625

INO initiated for a
respiratory indication

163

History of prematurity
unable to be determined

3

INO initiated for
cardiac indication

408

Excluded
51*

Newborn with CDH: 3
Newborn with MAS: 4
Newborn with PPHN: 7
INO started at outside
institution: 31
Previously enrolled: 10

Early preterm: 18
Late preterm: 23
Term: 122

Eligible
574

Analyzable
571

Fig. 1. Flow chart. *Subjects may have more than one reason for

exclusion. INO ¼ inhaled nitric oxide; CDH ¼ congenital diaphrag-
matic hernia; MAS ¼ meconium aspiration syndrome; PPHN ¼ pri-
mary pulmonary hypertension of the newborn.
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Table 1. Demographics and INO Use

Characteristic
Overall

(N ¼ 163)

Birth History

PEarly Preterm

(n ¼ 18)

Late Preterm

(n ¼ 23)

Term

(n ¼ 122)

Demographics

Boys, n (%) 92 (56.4) 12 (66.7) 14 (60.9) 66 (54.1) .57*

Race, n (%) .057*

White 86 (52.8) 6 (33.3) 12 (52.2) 68 (55.7)

Black or African

American

48 (29.4) 11 (61.1) 6 (26.1) 31 (25.4)

Other or unknown 29 (17.8) 1 (5.6) 5 (21.7) 23 (18.9)

Age, median (IQR) y 1.8 (0.7–6.0) 0.8 (0.5–1.7) 0.9 (0.5–1.9) 2.9 (0.9–7.8) .002†

Ethnicity, n (%) .37*

Hispanic or Latino 20 (12.3) 2 (11.1) 3 (13.0) 15 (12.3)

Not Hispanic or Latino 139 (85.3) 16 (88.9) 18 (78.3) 105 (86.1)

Unknown or not

reported

4 (2.5) 0 (0) 2 (8.7) 2 (1.6)

Any chronic diagnosis, n

(%)‡
123 (75.5) 18 (100) 19 (82.6) 86 (70.5) .01*

Chromosomal defect 31 (19.0) 2 (11.1) 7 (30.4) 22 (18.0) .29*

Oncologic diagnosis 21 (12.9) 0 (0.0) 1 (4.3) 20 (16.4) .056*

BPD 15 (9.2) 13 (72.2) 2 (8.7) 0 (0) <.001*

Bone marrow

transplantation

8 (4.9) 0 (0) 0 (0) 8 (6.6) .47*

Organ transplantation 1 (0.6) 0 (0) 1 (4.3) 0 (0) .25*

Congenital cardiovas-

cular disease

18 (11.0) 1 (5.6) 3 (13.0) 14 (11.5) .78*

Pre-hospital technology

dependence, n (%)

49 (30.1) 10 (55.6) 10 (43.5) 29 (23.8) .008*

Chronic pulmonary

hypertension, n (%)

11 (6.7) 4 (22.2) 3 (13.0) 4 (3.3) .007*

Chronic pulmonary

hypertension

treatment, n (%)§

8 (72.7) 3 (75.0) 3 (100) 2 (50.0) .70*

Cardiac arrest in 12 h

before INO initiation, n

(%)

19 (11.7) 1 (5.6) 2 (8.7) 16 (13.1) .77*

INO use, n (%)

Echocardiogram 12 h

before INO

34 (20.9) 3 (16.7) 4 (17.4) 27 (22.1) .85*

Echocardiogram on any

study day

113 (69.3) 11 (61.1) 18 (78.3) 84 (68.9) .49*

Cardiac catheterization

before INO

2 (1.2) 0 (0) 0 (0) 2 (1.6) >.99*

Location of INO

initiation, n (%)

.13*

Pediatric ICU 148 (90.8) 18 (100) 19 (82.6) 111 (91.0)

Cardiac ICU 14 (8.6) 0 (0) 3 (13.0) 11 (9.0)

Other 1 (0.6) 0 (0) 1 (4.3) 0 (0)

Hospital admission to

INO initiation,

median (IQR) h

65.8 (24.5–168.0) 62.7 (38.8–108.5) 46.1 (21.8–153.7) 67.8 (27.4–211.7) .66†

(Continued)
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dysfunction was protective against mortality (OR 0.30

[95% CI 0.12–0.73]). In multivariable analysis, lower respi-

ratory tract disease as the etiology of respiratory

dysfunction, not a history of preterm birth, was independ-

ently associated with a lower mortality risk (OR 0.35 [95%

CI 0.14–0.87]; P< .001).

Table 1. Continued

Characteristic
Overall

(N ¼ 163)

Birth History

PEarly Preterm

(n ¼ 18)

Late Preterm

(n ¼ 23)

Term

(n ¼ 122)

Time from the start of

mechanical ventila-

tion to INO initiation,

median (IQR) h¶

30.0 (5.4–88.4) 42.0 (12.8–100) 35.6 (8.0–85.3) 28.0 (5.3–88.2) .81†

Initial dose of INO,

median (IQR) ppm

20.0 (20.0–20.0) 20.0 (20.0–20.0) 20.0 (20.0–20.0) 20.0 (20.0–20.0) .85†

Last recorded INO dose,

median (IQR) ppm||

2.0 (1.5–2.0) 2.0 (1.0–2.0) 2.0 (1.5–2.0) 2.0 (2.0–2.0] .51†

Time on continuous INO,

median (IQR) d

4.0 (2.0–8.0) 5.0 (2.0–15.0) 6.0 (4.0–14.0) 4.0 (1.0–7.0) .049†

*The Fisher exact test (Monte Carlo approximation for tables larger than 2 � 2).
† The Kruskal-Wallis test.
‡ Only select chronic diagnoses are listed; the subjects may have had multiple chronic diagnoses.
§ Percentages were calculated with the subjects with chronic pulmonary hypertension as the denominator.
|| The INO dose was recorded for the first 48 h; the subjects not discontinuing INO or who died within the first 48 h of INO use were excluded.
¶The subjects who were started on INO before mechanical ventilation were excluded (n ¼ 15: 1 early preterm, 6 late preterm, 8 full term).

INO ¼ inhaled nitric oxide

BPD ¼ bronchopulmonary dysplasia

IQR ¼ interquartile range

Table 2. Primary Diagnoses

Diagnosis
Overall

(N ¼ 163 [100%])

Birth History

PEarly Preterm

(n ¼ 18 [11%])

Late Preterm

(n ¼ 23 [14%])

Term

(n ¼ 122 [75%])

Primary indication for INO initiation .09*

Respiratory failure without elevated pulmonary artery pressure 146 (90) 14 (78) 20 (87) 112 (92)

Other† 16 (10) 4 (22) 3 (13) 9 (7)

Unknown 1 (1) 0 (0) 0 (0) 1 (1)

Direct pulmonary injury‡ 78/158 (49) 13/16 (81.3) 13/22 (59.1) 52/120 (43.3) .009*

Primary respiratory dysfunction .02*

ALI/ARDS non-pulmonary etiology 80 (49) 3 (17) 9 (39) 68 (56)

Non-sepsis 40 (25) 1 (6) 3 (13) 36 (30)

Sepsis 40 (25) 2 (11) 6 (26) 32 (26)

ALI/ARDS pulmonary etiology 83 (51) 13 (72) 13 (57) 52 (43)

Aspiration 10 (6) 0 (0) 2 (9) 8 (7)

Lower respiratory tract disease (bacterial) 11 (7) 1 (6) 0 (0) 10 (8)

Lower respiratory tract disease (viral, not RSV) 39 (24) 6 (33) 8 (35) 25 (20)

Lower respiratory tract disease (RSV) 18 (11) 6 (33) 3 (13) 9 (7)

Asthma 3 (2) 1 (6) 0 (0) 2 (2)

Other or unknown 2 (1) 1 (6) 1 (4) 0 (0)

Data are number (%) unless otherwise noted.

* The Fisher exact test (Monte Carlo approximation for tables larger than 2 � 2).
† Includes 6 subjects with respiratory failure and elevated pulmonary arterial pressure, 6 with preexisting pulmonary hypertension, and 4 additional subjects with other indications, including hypoxia after

cardiac arrest, new pulmonary hypertension, right-ventricular dysfunction, and to decrease sickling.
‡ Summary of those with ARDS due to direct pulmonary injury; the denominator includes only those with ARDS.

INO ¼ inhaled nitric oxide

ALI ¼ acute lung injury

RSV ¼ respiratory syncytial virus
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Table 3. Ventilation and Gas Exchange at the Time of INO Initiation*

Characteristic
Birth History

P
Early Preterm (n ¼ 18) Late Preterm (n ¼ 23) Term (n ¼ 122)

Ventilation type, n (%)† .51‡

Conventional 16/140 (11.4) 19/140 (13.6) 105/140 (75.0)

High frequency oscillatory ventilation 0/15 (0) 2/15 (13.3) 13/15 (86.7)

Not invasively ventilated 1/4 (25.0) 2/4 (5.0) 1/4 (25.0)

NA 1/4 (25.0) 0/4 (0) 3/4 (75.0)

PaO2
n; median (IQR) mm Hg 6; 56.0 (51.3–63.0) 11; 76.3 (64.8–82.0) 89; 63.0 (54.1–78.0) .08§

Exhaled tidal volume, n; median (IQR) mL/kg 12; 9.4 (8.0–1.7) 16; 7.5, (6.6–8.5) 76; 7.5 (6.2–9.2) .036§

Mean airway pressure, n; median (IQR) cm H2O 14; 16.0 (12.0–18.0) 19; 19.0 (14.0–21.0) 97; 19.0 (15.0–25.0) .03§

FIO2
n; median (IQR) 18; 0.9 (0.7–1.0) 23; 1.0 (0.6–1.0) 120; 0.9 (0.7–1.0) .89§

SpO2
n; median (IQR) % 15; 92.0 (88.0–97.0) 20; 92.5 (89.5–97.5) 115; 93.0 (9.0, 97.0) .99§

Amplitude, n; median (IQR) cm H2O
|| 0; ND 2; 54.0 (38.0–70.0) 13; 52.0 (45.0–60.0) .80§

PEEP, n; median (IQR) cm H2O 16; 10.0 (8.0–10.5) 19; 10.0 (6.0–12.0) 104; 10.0–(8.0–12.0) .62§

Peak inspiratory pressure, n; median (IQR) cm H2O 16; 3.0 (27.5–33.0) 19; 32.0 (28.0–36.0) 97; 32.0 (27.0–38.0) .33§

Dynamic compliance, n; median (IQR) mL/cm H2O/kg
¶ 12; 0.5 (0.4–0.6) 15; 0.3 (0.3–0.4) 74; 0.4 (0.3–0.5) .069§

End tidal carbon dioxide, n; median (IQR) mm Hg 9; 46.0 (38.0–54.0) 10; 49.0 (41.0–54.0) 75; 36.0 (29.0–49.0) .047§

Oxygenation index, n; median (IQR) 6; 15.4 (11.8–18.2) 10; 20.0 (15.4–23.0) 71; 23.8 (15.6–39.1) .13§

Oxygenation saturation index, n; median (IQR)** 11; 15.9 (9.6–18.6) 14; 15.7 (11.2–23.0) 76; 18.5 (13.1–23.2) .16§

* If a parameter value was not entered at INO initiation, then the closest previous value to initiation was used; ventilation parameters up to 6 h before INO initiation were used; data were collected only

with changes in ventilation parameters; thus, variables collected up to 6 h before INO initiation reflected the same parameters at the time of initiation, otherwise new parameters would have been recorded

in the database.
† Row percentages are reported.
‡ The Fisher exact test.
§ The Kruskal-Wallis test.
|| Patients on high-frequency oscillatory ventilation only.
¶Exhaled tidal volume/(peak inspiratory pressure positive end expiratory pressure).

**Oxygenation Saturation Index ¼ (FIO2
� mean airway pressure)/SpO2

.

INO ¼ inhaled nitric oxide

NA ¼ not available

IQR ¼ interquartile range

ND ¼ no data
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Fig. 2. Time to discontinuation of inhaled nitric oxide (INO). Among survivors, there was no difference in the duration of treatment with INO

based on prematurity status (log rank test, P¼.45).
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Discussion

In this multicenter observational study, we found that

nearly one fourth of the subjects who were critically ill and

treated with INO for a respiratory indication had a history of

preterm birth. The characteristics of the early preterm sub-

jects treated with INO differed in regard to chronological

age and preexisting chronic conditions. In addition, the early

preterm subjects treated with INO for a respiratory indication

were initiated on treatment at a lower severity of lung disease

and, more frequently, had lung disease due to direct pulmo-

nary injury. These findings have important implications for

an INO trial design: (1) preterm patients are a critical cohort

of patients treated with INO for a respiratory indication and

should not be a priori excluded from future trials to evaluate

efficacy of INO, and (2) it is necessary to adjust study proce-

dures through stratification or altering physiologic inclusion

criteria (eg, lower oxygenation index (OI) for enrolling early

preterm subjects). In relation to outcomes, the early preterm

subjects had more ventilator-free days and lower mortality

compared with the late preterm and full-term subjects, which

suggests that stratification of enrollment based on prematur-

ity status or primary etiology of respiratory failure may be an

important component of the study design.

The high proportion of the preterm subjects in the subset

of our cohort given INO for a respiratory indication was con-

sistent with other reports that suggest that patients with a his-

tory of preterm birth have a higher risk of severe respiratory

disease in childhood.5,22 In a retrospective cohort of children

who were critically ill and <2 y old, preterm children

accounted for nearly one third of the subjects admitted to a

pediatric ICU with respiratory illness and their admissions

resulted in longer pediatric ICU and hospital lengths of stay

compared with subjects with a history of term birth.5,6 The

Table 4. Outcomes Based on Birth History

Outcome
Birth History

P
Early Preterm (n ¼ 18) Late Preterm (n ¼ 23) Term (n ¼ 122)

Oxygenation improvement on INO, n (%)* .54†

Yes 17 (10.0) 19 (90.5) 103 (90.4)

No 0 (0) 2 (9.5) 11 (9.6)

Clinician response to improvement, n (%)‡ .39†

Timely 10 (58.8) 12 (66.7) 75 (73.5)

None or delayed 7 (41.2) 6 (33.3) 27 (26.5)

ECMO use after day 0, n (%) 1 (5.6) 4 (17.4) 19 (15.6) .53†

Ventilator-free days, median (IQR)§ 18.0 (6.0–20.0) 7.0 (0.0–13.0) 4.5 (0.0–17.0) .02||

Duration of mechanical ventilation, median (IQR) days § 10.0 (8.0–22.0) 16.0 (12.0–22.0) 13.0 (8.0–23.0) .47||

Cardiac arrest after day 0, n (%) 0 (0) 3 (13.0) 15 (12.3) .36†

CVVH/dialysis use after day 0, n (%) 0 (0) 5 (21.7) 19 (15.6) .12†

ICU, n (%)

Mortality 0 (0) 6 (26.1) 39 (32.0) .007†

New morbidity (survivors) 2 (11.1) 4 (23.5) 16 (19.3) .61†

ICU Length of Stay, median [IQR]

Overall 18.0 (11.0–35.0) 23.0 (11.0–73.0) 18.0 (1.0–35.0) .48||

Survivors 18.0 (11.0–35.0) 23.0 (16.0–43.0) 20.0 (13.0–39.0) .46||

Non-survivors ND 17.5 (1.0–85.0) 10.0 (5.0–31.0) .83||

Day 28 mortality, n (%) 0 (0) 6 (26.1) 39 (32.0) .007†

Hospital mortality, n (%) 0 (0) 6 (26.1) 41 (33.6) .004†

Hospital length of stay, median (IQR)

Overall 29.5 (21.0–50.0) 36.0 (20.0–97.0) 26.0 (14.0–51.0) .39||

Survivors 29.5 (21.0–50.0) 40.0 (23.0–97.0) 30.0 (22.0–54.0) .39||

Non-survivors ND 20.5 (1.0–85.0) 15.0 (7.0–43.0) .98||

* Percentages do not include subjects for whom oxygenation improvement was indeterminate (n ¼ 11).
† The Fisher exact test.
‡ Percentages are of the subjects with oxygenation improvement.
§ Ventilator-free days and mechanical ventilation days were unable to be assessed in 15 subjects (2 early preterm, 5 late preterm, and 8 full term) and 27subjects (2 early preterm, 6 late preterm, and 19

full term), respectively.
|| Kruskal-Wallis test.

ECMO ¼ extracorporeal membrane oxygenation

IQR ¼ interquartile range

CVVH ¼continuous venovenous hemofiltration

INO ¼ inhaled nitric oxide

ND ¼ no data
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finding in our study that INO therapy for a respiratory indica-

tion was started earlier in the hospitalization and on lower

levels of mechanical ventilation support in early preterm sub-

jects suggests that, in these patients, treatment may be initi-

ated for a concern of new or worsening pulmonary

hypertension in addition to hypoxemia.

When designing a trial to evaluate the efficacy of INO

for acute respiratory failure, the physiologic or ventilatory

inclusion criteria will need to take into account the variation

in practice for initiation of INO based on prematurity status

given that our results suggest that clinicians have a lower

threshold for INO initiation in children with a history of

early prematurity. If a single threshold for treatment initia-

tion is selected, then equipoise may be compromised in the

trial, such that, in children with a history of prematurity,

intensivists may feel it is inappropriate to withhold INO

until higher levels of pulmonary support most frequently

deemed appropriate for children born at term. Likewise,

simply lowering the threshold of pulmonary support for

INO initiation may not improve clinician equipoise when

applied to subjects with a history of full-term birth or may

not demonstrate a treatment effect, given the overall favor-

able outcomes for these patients. Alternatively, the use of 2

thresholds of pulmonary support for study inclusion based

on birth age will complicate analysis of results.

There is ongoing debate about the efficacy of INO in pe-

diatric ARDS and continued variability in its use across

institutions, despite multiple clinical trials that did not

reveal an improvement in mortality.23-26 When considering

selection of the primary outcome for a future clinical trial,

the distribution of events among trial subjects is of primary

importance. Given that �1 in 4 patients treated with INO

for respiratory failure has a history of preterm birth, this

population is a key driver of event rates. The results of our

study were similar to the findings reported in the Pediatric

Acute Respiratory Distress Syndrome Incidence and

Epidemiology study,27 which included > 700 children with

pediatric ARDS enrolled across 145 pediatric ICUs interna-

tionally. This study reported a higher proportion of children

with a history of prematurity in survivors versus non-

Table 5. Stepwise Selection Process to Identify Risk Factors for Mortality

Parameter % Missing
Univariable Models Step 1 Step 2

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Prematurity 0 .02 .02 .10

Preterm Ref. Ref. Ref.

Term 2.77 (1.14–7.82) 2.77 (1.14–7.82) 2.26 (0.87–6.68)

Age, per year 1.08 (1.01–1.16) .03 NA NA

Hospital admission to INO initiation, per day 1 1.01 (0.99–1.02) .32 NA NA

Race 0 .26 NA NA

White Ref.

Black or African American 1.78 (0.82–3.85)

Other or unknown 0.88 (0.31–2.28)

Chromosomal defect 0 .32 NA NA

No Ref.

Yes 0.63 (0.24–1.53)

Cardiovascular disease, congenital 0 .85 NA NA

No Ref.

Yes 0.90 (0.27–2.55)

Pre-hospital technology dependence 0 .38 NA NA

No Ref.

Yes 1.39 (0.66–2.89)

At least one echo cardiogram obtained on study 0 .83 NA NA

No Ref.

Yes 1.09 (0.52, 2.33)

Primary respiratory dysfunction 0 <.001 NA <.001

ALI/ARDS non-pulmonary etiology, non-sepsis Ref. Ref.

ALI/ARDS non-pulmonary etiology, sepsis 1.67 (0.69–4.11) 1.82 (0.74–4.57)

Lower respiratory tract disease 0.30 (0.12–0.73) 0.35 (0.14–0.87)

OR ¼ odds ratio

Ref. ¼ reference

INO ¼ inhaled nitric oxide

ALI ¼ acute lung injury

NA ¼ not applicable

INO AND PREMATURITY IN CRITICALLY ILL CHILDREN

RESPIRATORY CARE � OCTOBER 2021 VOL 66 NO 10 1557



survivors (19.9% vs 11.6%; P ¼ .031).27 Again, similar to

our study, they reported that a direct lung injury that trig-

gered pediatric ARDS (pneumonia) was more common

among the survivors versus non-survivors (67% vs 43%;

P < .001), and an indirect lung injury triggering pediatric

ARDS (sepsis) was less common among the survivors ver-

sus non-survivors (16.2% vs 33.9%; P < .001), respec-

tively. Given the strong association between direct lung

injury and lower mortality, it will be important to evaluate

the complex interaction between direct versus indirect lung

injury across children with a history of prematurity versus

those born full term. In addition, alternative longer-term

outcomes may be important to consider because patients

with a history of prematurity who have a direct lung injury

may be at lower risk of mortality, but they may dispropor-

tionately have long-term sequelae associated with persistent

and repetitive lung damage either due to the primary insult

or associated with ventilatory support.28-32

The ability to draw conclusions related to INO use in

hypoxic respiratory failure is limited due to the observatio-

nal study design and the inherent selection bias introduced

by the clinician-driven decision to initiate INO. The deci-

sion to initiate INO in this cohort may vary based on clini-

cian, severity of lung disease, and patients’ comorbidities.

Our study had incomplete clinical data, including missing

echocardiographic data due to the use of only clinically

obtained echocardiographic data and incomplete ventilator

data. In addition, we did not exclude subjects with intracar-

diac shunts from the oxygenation index/oxygenation satura-

tion index analyses. Also, this was a secondary analysis

that specifically evaluated subjects with a history of early

and late premature birth in this cohort of subjects who

were critically ill and in whom INO therapy was used, and

we were not likely powered to detect differences in clini-

cally meaningful outcomes, such as mortality, new mor-

bidities, and the duration of mechanical ventilation.

Conclusions

A high proportion of the subjects who received INO

have a history of prematurity and will represent a key sub-

group in future trials evaluating efficacy of this therapy in

acute respiratory failure. However, the early preterm sub-

jects who received INO for a respiratory indication more

often had direct pulmonary injury, were initiated on INO at

a less-severe stage of respiratory impairment, and experi-

enced better outcomes compared with late preterm and full-

term subjects. If future trials to study the use of INO in

hypoxic respiratory failure are pursued, it will be important

to standardize oxygenation thresholds for initiation of ther-

apy, with thoughtful consideration of the differential initia-

tion thresholds noted in early preterm subjects, and perhaps

stratify trial enrollment based on prematurity status.
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