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BACKGROUND: Inhaled nitric oxide (INO) reduces extracorporeal membrane oxygenation (ECMO)
use in term and near-term neonates with persistent pulmonary hypertension of the newborn; however,
its overutilization is increasing. We hypothesized that implementing a shared baseline protocol would
safely improve evidence-based INO use in a Level IV neonatal ICU. METHODS: Through several
plan-do-study-act cycles, a shared baseline protocol for initiation and weaning of INO was developed
and implemented starting in August 2014. Based on user feedback, the shared baseline protocol was
amended and re-evaluated at regular intervals. Significant changes for process and outcome measures
related to utilization of INO were detected using statistical process control, bivariate analyses using t test
or nonparametric Wilcoxon rank-sum test as appropriate, and chi-square and Fisher exact testing as
appropriate. Comparisons between the pre-plan-do-study-act group (January 2012 to July 2014) and
post-plan-do-study-act group (August 2014 to October 2015) were made. RESULTS: One hundred
sixteen INO courses in 95 subjects were administered during the pre-plan-do-study-act period, and 44
episodes were initiated in 39 subjects during the post-plan-do-study-act period. Process control charts
demonstrate significant reductions in the percentage of INO doses > 20 ppm and the percentage of
prolonged (>4-d) INO courses. Prolonged INO courses decreased from 67.9 to 40% (P ⴝ .032), whereas
the median duration of INO per course decreased from 8 to 4 d (P < .001). The percentage of INO
courses that exceeded the dose of 20 ppm decreased from 18.1 to 2.3% (P ⴝ .009). Very delayed INO
weaning (weaning at FIO2 < 0.40) decreased from 41.9 to 21.2% (P ⴝ .038). There were no differences
in the percentage of INO courses administered to non-sedated subjects or the percentage of INO courses
administered to preterm infants. There was no difference for death or ECMO between groups.
CONCLUSIONS: Implementation of a shared baseline protocol to encourage appropriate INO initiation and weaning safely decreased INO exposures. Focused efforts on reducing unapproved INO use in
preterm infants are warranted. Key words: inhaled nitric oxide; infant; newborn; premature; quality
improvement; pulmonary hypertension; evidence-based health care. [Respir Care 2018;63(1):20 –27. © 2018
Daedalus Enterprises]

Introduction

patients with persistent pulmonary hypertension of the newborn.1 Since the 1990s INO has been shown to reduce the

Inhaled nitric oxide (INO) is a rapid and potent vasodilator that can lower pulmonary vascular resistance in
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need for extracorporeal membrane oxygenation (ECMO)
in term and near-term infants suffering from persistent
pulmonary hypertension of the newborn and hypoxic respiratory failure, which remains the only indication for use
by the FDA.2-4 Whereas data from randomized controlled
trials have demonstrated clear benefits of INO use in this
population, use has increasingly extended to pediatric populations for whom studies have shown minimal evidence
to support usage. Further, benefits in such populations are
not well-documented in randomized controlled trials.5-9
Most notably, the use of INO in preterm infants and newborns with congenital diaphragmatic hernia has steadily
risen despite recommendations to limit its use by professional groups due to insufficient and conflicting evidence.10-13 Additionally, studies have shown significant
intra- and interhospital practice variation with regard to
INO use in the neonatal population, suggesting deviation
from evidence-based practice.14-16 Undoubtedly, the overuse and misuse of INO has become a source of unjustified
health-care cost that has increased in frequency in recent
years.5,13,17
At our study institution, off-label INO use, primarily
among preterm infants, was found to be high. Deviations
from the evidence-based management of persistent pulmonary hypertension of the newborn were noted when treating most patients, regardless of gestational age. We hypothesized that we could improve evidence-based INO use
in our neonatal ICU (NICU) population while achieving 4
quality goals: (1) reducing INO exposure in non-sedated
patients, (2) reducing delayed INO weaning, (3) eliminating doses of INO that are ⬎20 ppm, and (4) reducing
prolonged INO courses.
Methods
Setting
We performed this study in the NICU of a Level IV
academic teaching hospital in the mid-Atlantic region. The
hospital supports a high-risk birthing center and a neonatal
transport service. Twelve to 17 board-certified neonatologists supervise pediatric residents, neonatal fellows, neonatal nurse practitioners, nurses, and respiratory therapists,
who care for a maximum of 52 patients. Neonatal patients
requiring ECMO for management of persistent pulmonary
hypertension of the newborn are transferred to the hospital’s pediatric ICU.
Study Subjects
We included newborns and infants who received INO at
any time during their NICU admission. INO courses initiated
as part of anesthesia for operative procedures were excluded.
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QUICK LOOK
Current knowledge
The unapproved use of inhaled nitric oxide has steadily
increased, especially within specific populations, such
as preterm infants. Inefficiencies and misuse of nitric
oxide in the neonatal and pediatric population have
been described. Improving evidence-based inhaled nitric oxide use through protocol-based quality improvement initiatives has been challenging and has often failed
to result in substantial reductions in nitric oxide exposures.
What this paper contributes to our knowledge
Through the use of a shared baseline protocol, significant reductions in nitric oxide exposure times and excessive doses were demonstrated, whereas nitric oxide
weaning occurred earlier.

Plan-Do-Study-Act Cycles
A project team retrospectively reviewed INO courses
administered in 2012 and early 2013 to evaluate the management of pulmonary hypertension compared with evidence-based practice.18 Several areas of improvement were
identified. Patients were often administered INO before
other interventions to manage their pulmonary hypertension (eg, sedation) were optimized. Doses of INO frequently exceeded 20 ppm, despite a lack of clinical improvement. Initiation of INO weaning was often delayed,
with patients still receiving INO despite breathing FIO2 as
low as 0.21. Weaning strategies were variable, and the
durations of courses were lengthy, as high as 77 d. A large
portion of patients were preterm, with 65% of all INO
courses being administered to patients born ⬍ 34 weeks
gestation.
Based on these observations, stretch goals were developed regarding key process measures in the management
of persistent pulmonary hypertension of the newborn: (1)
reducing the percentage of times that INO is initiated in
non-sedated infants, (2) reducing the percentage of times
that INO weaning was delayed (INO weaning that began
when FIO2 was ⬍ 0.60), (3) eliminating doses of INO that
are ⬎ 20 ppm, (4) reducing the percentage of prolonged
(⬎4-d) INO courses.
Plan-Do-Study-Act Cycle 1: Staff Awareness, August
to October 2014. A workshop was held to educate physicians on evidence-based management of persistent pulmonary hypertension of the newborn, FDA indications for
INO, national data on INO use in preterm infants, and
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institutional data on INO use and to introduce the aims
and mission of the quality improvement project. This
education was provided to the neonatal nurse practitioners and respiratory therapists during staff meetings.
Throughout the staff awareness phase, institutional data
and project information were posted in general workspaces in the NICU and staff offices. A unit-based guideline for utilizing INO was developed during this cycle
to serve as the basis for a shared baseline protocol (see
Plan-Do-Study-Act Cycle 2).

Process measurements were: (1) the percentage of times
INO was initiated in a non-sedated infant, (2) the percentage of times INO weaning was delayed (INO weaning that
began when FIO2 was ⬍ 0.60), (3) the percentage of times
that INO doses exceeded 20 ppm, and (4) the percentage
of prolonged (⬎4-d) INO courses. Countermeasurements
included length of stay and the percentage of infants who
died or received ECMO.

Plan-Do-Study-Act Cycle 2: Implementation of Guidelines and Creation of Shared Baseline Protocol, October 2014 to July 2015. To address the areas of improvement in persistent pulmonary hypertension of the newborn
management, a guideline for the initiation, administration,
and weaning of INO was implemented. The guideline was
designed to include evidence-based recommendations.
When evidence was not available, the guideline was formed
by consensus of the project team.18,19 Clinicians who ordered INO were provided a paper copy of the guideline for
reference. The guideline was posted at the infant’s bedside
while the infant was receiving INO to guide nurses with
adjusting FIO2 and to empower respiratory therapists to
suggest INO weaning. Feedback from clinicians on acceptability and utility of the guidelines was ascertained at
serial intervals. Based on feedback, the guideline was modified as long as changes were not expected to cause patient
harm. These modifications led to the development of a
shared baseline protocol (see online supplementary material at http://www.rcjournal.com). Prospectively collected
data on INO use was posted in NICU workspaces during
this period.

Quarterly data on process measurements were analyzed
using statistical process control. Data were plotted on process control charts with averages and control limits reset
as described by Amin.20 We performed bivariate analyses
using a t test or nonparametric Wilcoxon rank-sum test as
appropriate for normally versus not normally distributed
data. We used chi-square and Fisher exact testing as appropriate for binary and categorical variables. Statistical
analyses were performed using SAS 9.3 (SAS Institute,
Carey, North Carolina).

Plan-Do-Study-Act Cycle 3: Resident Education, May
2015 to October 2015. With as many as one third of
patients in our NICU being treated by supervised resident
physicians, residents were identified as stakeholders in the
management of neonates with persistent pulmonary hypertension of the newborn. However, resident education had
not been included in our staff awareness cycle. To improve
their awareness, residents were given a 30-min lecture on
the management of pulmonary hypertension, the use of
INO, and an introduction to the quality improvement project during their NICU rotation.
Measurements
Pre-plan-do-study-act data were collected retrospectively. Post-plan-do-study-act data (starting in August
2014) were collected prospectively, allowing outcome data
to be shared with staff at regular intervals. Outcome measurements were the duration of INO courses and the percentage of INO courses administered to preterm infants.
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Analysis

Ethics
This project was considered exempt by the University
of Maryland institutional review board.
Results
One hundred sixty INO courses were administered during the study period; 95 subjects received 116 courses in
the pre-plan-do-study-act period (January 2012 to July
2014), and 39 subjects received 44 courses in the postplan-do-study-act period (August 2014 to October 2015).
Thirty-eight of 95 (40%) exposed subjects from the preplan-do-study-act period were ⱖ34 weeks gestation,
whereas 20 of 39 (51%) exposed subjects from the postplan-do-study-act period were ⱖ 34 weeks gestation
(P ⫽ .23).
We found that the frequency of doses ⬎ 20 ppm was
significantly reduced post-plan-do-study-act from 18.1 to
2.3% (P ⫽ .009), as was the mean maximal INO dose
(Table 1). There was a significant reduction in prolonged
INO courses from 68 to 40% (P ⫽ .003). The duration of
INO courses declined by half from a median (interquartile
range) of 8 (3–13) d in the pre-plan-do-study-act cohort to
4 (1–7) d in the post-plan-do-study-act cohort (P ⬍ .001).
We noted a decrease in the percentage of times that INO
was administered in non-sedated subjects from 25 to 14.3%,
although this was not statistically significant. Delayed INO
weaning was unchanged between the pre- and post-plando-study-act periods (Table 1). However, very delayed
INO weaning, defined as FIO2 ⱕ 0.40 at the initiation of
INO weaning, was significantly reduced. The mean FIO2 at
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Table 1.

Pre- and Post-Intervention Comparison of Selected Outcome and Process Measures

Variables
No. of INO courses/subject, n (%)
1
ⱖ2
Episodes of INO initiated in non-sedated subject (n ⫽ 112 vs 42), n (%)
Delayed weaning at FIO2 ⬍ 0.60 (n ⫽ 86 vs 33), n (%)
Very delayed weaning at FIO2 ⬍ 0.40 (n ⫽ 86 vs 33) , n (%)
INO doses ⬎ 20 ppm, n (%)
Maximal INO dose, mean ⫾ SD ppm
Prolonged INO course ⬎ 4 d, completed in NICU (n ⫽ 109 vs 35 ), n (%)
Duration of INO courses, median (IQR) d
INO courses administered to preterm infants, n (%)
Total length of stay, median (IQR) d
Death or ECMO, n (%)

Pre-PDSA Group
(n ⫽ 95 Subjects
and 116 Episodes)

Post-PDSA Group
(n ⫽ 39 Subjects
and 44 Episodes)

78 (82.1)
17 (17.9)
28 (25)
63 (73.3)
36 (41.9)
21 (18.1)
21.56 ⫾ 5.3
74 (67.9)
8 (3–13)
75 (64.7)
49 (95)
42 (44.2)

37 (94.9)
2 (5.1)
6 (14.3)
27 (81.8)
7 (21.2)
1 (2.3)
19.77 ⫾ 2.4
14 (40)
4 (1–7)
23 (52.3)
41.5 (96)
13 (33.3)

P

.054
.15
.27
.035
.009
.033
.003
⬍.001
.15
.60
.24

PDSA ⫽ plan-do-study-act
INO ⫽ inhaled nitric oxide
ECMO ⫽ extracorporeal membrane oxygenation

Fig. 1. Statistical process control chart showing the percentage of times that inhaled nitric oxide (INO) was administered in a non-sedated
subject. LCL ⫽ lower control limit, UCL ⫽ upper control limit. Arrows indicate the start of plan-do-study-act cycles.

initiation of INO weaning improved from 0.44 to 0.53,
although this was not statistically significant (P ⫽ .13).
We observed a trend toward fewer repeat INO courses,
with only 2 subjects receiving repeated courses in the
post-plan-do-study-act period (Table 1). Control charts
(Figs. 1– 4) demonstrate quarterly data for process measures. Figures 3 and 4 show reductions of doses ⬎ 20
ppm and of prolonged INO courses, respectively.
The percentage of all preterm infants treated at our
institution who were exposed to INO during the study
period was unchanged (18.6% vs 16.2%, P ⫽ .42), as
was the percentage of all courses administered to preterm infants (Table 1). The median birth gestational age
of exposed infants in our cohort did increase from 29.5
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to 34.1 weeks, and the percentage of subjects who were
⬍34 weeks birth gestational age and were started on
INO within the first month of life declined from 39.7 to
27.3%, although this was not statistically significant
(P ⫽ .15 for both).
There was no significant difference in stay, surfactant
exposure, or high-frequency ventilation use between the
2 cohorts (P ⫽ .60, .75, and .82, respectively). Among
term or near-term subjects with persistent pulmonary
hypertension of the newborn, there was no statistically
significant difference for the percentage of subjects exposed to ECMO (P ⫽ .05). For the entire cohort, there
was no difference in the percentage of subjects who
died or were exposed to ECMO (Table 1). No subjects
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Fig. 2. Statistical process control chart showing the percentage of times inhaled nitric oxide (INO) weaning was delayed. LCL ⫽ lower
control limit, UCL ⫽ upper control limit. Arrows indicate the start of plan-do-study-act cycles.

Fig. 3. Statistical process control chart showing the percentage of inhaled nitric oxide (INO) doses ⬎ 20 ppm. LCL ⫽ lower control limit,
UCL ⫽ upper control limit. Arrows indicate the start of plan-do-study-act cycles.

in either cohort were treated with INO for prevention of
bronchopulmonary dysplasia, consistent with recommended guidelines.
Discussion
Efficiency of health-care delivery is one of 6 key domains
for improving health-care quality set forth by the Institute of
Medicine, although perhaps one of the least measured.21-23
Waste, in the form of medication overuse and misuse, is
among the factors that contribute substantially to health-care
inefficiency.23-25 The implementation of practice guidelines
can be a useful mechanism for directing efficient and evidence-based care.26 Our guideline, informed by a body of
evidence on the management of persistent pulmonary hyper-

24

tension of the newborn, presented an opportunity to reduce
INO overuse and improve health-care efficiency. To our
knowledge, this is the first quality improvement report to
demonstrate a significant reduction in INO utilization by implementing a shared baseline protocol.
Following implementation, we reduced the duration
of INO courses by half, suggesting more efficient drug
utilization. The wide-ranging and prolonged INO duration observed at baseline led to an emphasis on INO
weaning within our protocol. Simsic et al16 implemented
standardized INO guidelines in a pediatric cardiothoracic ICU with similar emphasis on weaning. The authors suggest that a lack of guidance around weaning
may have contributed to prolonged INO exposure during their pre-plan-do-study-act period. Interestingly, this
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Fig. 4. Statistical process control chart showing the percentage of prolonged inhaled nitric oxide (INO) courses. LCL ⫽ lower control limit,
UCL ⫽ upper control limit. Arrows indicate the start of plan-do-study-act cycles.

did not translate into a significant reduction in utilization. Similar results were reported by Todd Tzanetos
et al,27 who found reductions in direct costs for INO
within their pediatric ICU after protocol implementation but no significant change in duration of INO use.
Explanations for the differing impact of protocol implementation among the studies are unclear, but the
process of creating a shared baseline protocol may be
responsible for our success. Shared baseline protocols
allow for modifications based on individual patient
needs, recognizing that one protocol is unlikely to adequately support the management of every patient.
Shared baseline protocols create an opportunity for frequent protocol adjustments, thereby encouraging clinicians to adhere to evidence-based management,28 and
may help reduce the barriers that are often associated
with achieving protocol compliance among providers.
Although we did not aim to reduce provider variation in
management, we found that providers were active in
suggesting protocol modifications. Ultimately, provider
alterations may have led to reductions in utilization. For
example, one modification involved removing the oxygenation index as a criterion for INO weaning. Elmekkawi et al29 reported reduced INO use at a Level IV
Canadian NICU after implementing a stewardship program, which shared a protocol review and amendment
strategies similar to ours. Our results reinforce the authors’ conclusion that stakeholder support of guideline
content is essential to efficacious implementation.
There may be a number of additional reasons for our
implementation success. We note that our utilization of
INO was higher at baseline (median 8 vs 2.6 d/event)
when compared with the Simsic et al study,16 which
could have provided more opportunity for easy improvement gains. Additionally, our cohort included a signif-
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icant number of preterm infants, a population for which
INO use has been discouraged by professional groups.
Although we continued to utilize INO in our preterm
infants during the post-plan-do-study-act period, guidance from these professional groups may have influenced
physicians to especially limit exposure times when treating
preterm subjects. Our reduction in repeated INO courses,
which occurred primarily among the preterm infant population, supports this assertion.
Regrettably, although the median birth gestational age
increased in our post-plan-do-study-act cohort, INO use
in our preterm population persists. INO use in this group
is known to be significant, with marked variability among
NICUs in terms of the percentage of preterm infants
exposed to INO, the age at which INO is initiated, and
the average number of days of exposure.8,14 Rates of
exposure for preterm infants are reported as high as
19% in some centers and tend to be greatest at the
earliest gestations.7-9,15,30 Preterm infants account for
46% of all patients receiving INO, making this population an important area of focus in overuse reduction.7
Following the 2010 NICHD Consensus Development
Conference Statement on Inhaled Nitric Oxide Therapy
for Premature Infants,13 which discourages INO use in
infants ⬍ 34 weeks gestation, the Neonatal Research
Network observed a reduction in use among preterm
infants within 13 representative NICUs.9 Unfortunately,
this improvement was not generalized to broader NICU
networks.7 Given the high cost ($105.55/h during our
study) one might expect a reduction in usage from financial pressures alone.9 However, INO use in preterm
infants may in part be related to rescue care, as Stenger
et al14 showed an association between INO exposure
and mortality in preterm infants. Further, the highest incidence of INO exposure is found to occur at the lowest
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gestational age and birthweight.8 The persistent overutilization, despite the cost, underscores the need for focused quality improvement interventions in preterm infants in addition
to better treatment strategies for preterm infants with chronic
lung disease and resultant hypoxic respiratory failure. To date,
successful approaches for decreasing INO use among preterm infants have not been reported.
There are limitations to our study. Primarily, we have
yet to establish that improvement gains can be sustained. However, notable practice changes with regard
to INO use are evident and probably contribute to an
overall culture change that will be sustainable. Ongoing
surveillance of our INO usage pattern will be an important aspect of this project in the future. Second, we were
unable to show statistically significant reductions in INO
use among preterm infants. This may reflect the relative
post-plan-do-study-act sample size, compared with the preplan-do-study-act sample. Given the trend toward increasing
birth gestational age between the pre- and post-plan-do-studyact groups, we suspect that ongoing evaluation may prove an
impact on the preterm population, particularly as practice
changes are solidified within the culture of our NICU. Although we did not undertake a cost analysis to understand the
financial implications of these improvements, based on our
hospital contract rate, we estimate an average reduction in
INO costs of $10,132.80 per INO course. Finally, our approach may have been most effective because of the high
degree of overuse among our providers. In units where use is
not as abundant, guideline implementation may be less beneficial. It is reassuring that a nitric oxide stewardship program
that shares common features with our interventions effectively reduced INO use in a more conservative setting.29
Conclusions
Shared baseline protocols have been shown to improve
care delivery through implementation of evidence-based practice. The creation and implementation of a shared baseline
protocol, along with supportive education, safely reduced INO
overuse in the NICU setting. INO exposures among preterm
infants remain high, and effective strategies to reduce exposures in this population are needed.
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