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BACKGROUND: The objective of this study was to determine whether the implementation of an
inhaled nitric oxide protocol (INO) in a pediatric ICU (PICU) would reduce cost associated with its
use without negatively affecting patient outcomes. METHODS: This is a retrospective cohort study
of 76 subjects who required INO therapy in the PICU during the study period. A nitric oxide setup
and weaning protocol was implemented in the PICU. The medical records of subjects who had
received INO 18 months after protocol implementation, as well as the medical records of subjects
who had received INO in the 18 months before protocol implementation, were reviewed. Length of
time on INO, cost of INO per subject, mortality, stay, and ventilator hours were recorded. RESULTS:
There were 38 subjects in the pre-protocol group and 38 subjects in the post-protocol group. There
was a statistically significant decrease in the median per subject cost of INO between the pre- and
post-protocol groups (P < .01). There was no statistically significant difference in the median
duration of INO use (P � .06), median PICU (P � .42) or hospital (P � .58) stay, median duration
of mechanical ventilation (P � .79) or percent mortality (P � .28) between the 2 groups.
CONCLUSIONS: Implementation of an INO setup and weaning protocol in a PICU reduces the
cost associated with its use without a statistically significant difference in mortality. In an era of
increased awareness regarding healthcare spending, implementation of evidence-based protocols
can provide a way to ensure the judicious utilization of medical resources. Key words: pediatrics;
pulmonary hypertension; protocols/practice guidelines. [Respir Care 2015;60(5):644–650. © 2015 Daeda-
lus Enterprises]

Introduction

Like many drugs used in the pediatric setting, inhaled
nitric oxide (INO) has been utilized both for United States
Food and Drug Administration-approved indications as
well as for off-label or investigational indications. The
only current approved indication for INO is for the treat-

ment of term and near-term neonates presenting with hy-
poxemic respiratory failure associated with pulmonary hy-
pertension. Off-label uses include treatment of ARDS,
postoperative pulmonary hypertension after congenital
heart surgery, and right ventricular dysfunction following
cardiac surgery or transplantation.1,2

Nitric oxide relaxes vascular smooth muscle by binding
to the heme moiety of cytosolic guanylate cyclase, which
in turn activates guanylate cyclase and increases levels of
cyclic guanosine 3�,5�-monophosphate, ultimately result-
ing in decreased intracellular calcium levels leading to
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arteriolar smooth muscle relaxation. When nitric oxide is
inhaled, pulmonary vasodilation occurs, and an increase in
the partial pressure of arterial oxygen occurs. This dilation
in well-ventilated lung areas redistributes blood flow away
from lung areas where ventilation and perfusion ratios are
poor, improving ventilation perfusion mismatch.3,4

SEE THE RELATED EDITORIAL ON PAGE 760

Prolonged use of INO can be associated with methemo-
globinemia, need for continued mechanical ventilation, and
increased bleeding risk.5,6 Inhaled nitric oxide is a very
costly therapy.7 During the study period at our institution,
the direct cost of nitric oxide was $100/h of use regardless
of dose. The yearly cost of INO institution-wide was ap-
proximately $1.8 million dollars. Given the high cost and
risks of treatment, Barr and Macrae8 recommended that
reasonable attempts to wean inhaled nitric oxide should be
made every 12–24 h, utilizing an objective weaning pro-
tocol that measures the physiologic response to the de-
crease in dose of INO. It is also recommended that inhaled
nitric oxide should be discontinued after a short trial if no
beneficial effect has been documented.8

It is known that rebound pulmonary hypertension can
occur upon withdrawal of INO. This is due in part to the
reduced production of endogenous NO and the reduced
capacity to generate cyclic guanosine 3�,5�-monophosphate
quickly when exogenous NO is discontinued.9 Negative
feedback inhibition by exogenous NO has been postulated
to account for this observation and has been demonstrated
to occur in vitro for both inducible nitric oxide synthase
and endothelial nitric oxide synthase.10 Slow weaning of
NO may ameliorate rebound pulmonary hypertension.11

Therefore, a weaning protocol that incorporates a slow,
objective weaning process is desirable.

Several studies have demonstrated that implementation
of protocols in the ICU can be beneficial. Many groups
have implemented standardized ventilator weaning proto-
cols, which decrease ventilator hours.12-14 Others have im-
plemented early goal-directed therapies for the manage-
ment of septic shock, which have demonstrated improved
outcomes.15,16 Given the growing body of literature to sup-
port protocols to facilitate care in the ICU, the purpose of
this study was to determine whether the implementation of
an INO setup and weaning protocol would reduce the cost of
INO, hours on INO, ventilator hours, and hospital and ICU
length of stay without an adverse effect on mortality.

Methods

This study was performed at the University of Kentucky
(Lexington, Kentucky). Institutional review board approval
was obtained. A nitric oxide setup and weaning protocol

were chosen for use in a 12-bed combined medical and
cardiac pediatric ICU (PICU). The protocols were devel-
oped at another institution. The setup protocol was imple-
mented to test initial response to INO (Fig. 1). If the sub-
ject was found to be a nonresponder, INO therapy was
discontinued. If the subject was found to be a responder,
INO was continued and the weaning protocol was utilized
(Fig. 2).8 Before protocol implementation, weaning of INO
was dictated by individual physicians based on their clin-
ical judgment. A didactic lecture on the physiology of
nitric oxide, indications for use, and instructions on how to
perform the actions in the protocol was videotaped. The
videotaped lecture was placed on the hospital’s web-based
training site, and all respiratory therapists were required to
view the lecture and sign that they had done so. The same
lecture was repeated live to all nurses working in the PICU.
An order set for the nitric oxide protocol was placed in the
computerized order entry system. INO per protocol was
the default order unless the physician chose to opt out. Once
the order was placed for INO, a paper copy of the INO setup
and weaning protocols was placed at the subject’s bedside
and completed by the respiratory therapist carrying out
the wean. After all respiratory therapists and nurses had
been trained on the use of the protocol, a go-live date
was chosen, and the protocol was implemented.

Using hospital billing records, subjects who had received
INO in the PICU for the 18 months before and 18 months
after protocol implementation were identified. PICU en-
counters were identified in the hospital billing records.
The charge description master codes 5814700, 58209000,

QUICK LOOK

Current knowledge

Inhaled nitric oxide is a selective pulmonary vasodila-
tor approved for the treatment of term and near-term
neonates with hypoxemic respiratory failure associated
with pulmonary hypertension. Off-label use in adults
and pediatrics is common and expensive. Restricting
use to patients with a clinically important response and
limiting the duration of therapy is important to mini-
mize costs and maximize effectiveness.

What this paper contributes to our knowledge

Implementation of an evidence-based inhaled nitric ox-
ide implementation and weaning protocol in a pediatric
ICU reduced costs without a statistically significant dif-
ference in mortality. There was a statistically significant
decrease in the median per subject costs, but no difference
in the median duration of use, median ICU or hospital
stay, or duration of ventilator days. Early termination of
therapy in nonresponders was the key to cost reduction.
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Fig. 1. Pediatric ICU (PICU) inhaled nitric oxide (INO) setup protocol. MAP � mean arterial pressure, PAP � peak airway pressure, OI � ox-
ygenation index.
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and 58210000 for extensive gas delivery were used to
identify subjects who had received an inhaled gas. Data-
collected represent direct cost incurred by the institution
for provision of INO therapy per patient. A chart review
was performed to collect subject’s indication for INO use
(hypoxia or congenital heart disease), mortality, hours on
INO, ventilator hours, hospital and ICU length of stay, and
direct cost of INO.

Statistical Analysis

Categorical variables (indication for treatment, gender,
and mortality) are reported as proportions and group com-
parisons were made using Fisher exact tests. Continuous
variables (age, NO duration, cost, ICU and hospital length
of stay, and ventilator hours) were noticeably skewed;
therefore, we report the medians (range, minimum to max-

Fig. 2. Pediatric ICU (PICU) inhaled nitric oxide (INO) weaning protocol. MAP � mean arterial pressure, PAP � peak airway pressure,
OI � oxygenation index.
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imum) for the 2 groups and used nonparametric Mann-
Whitney U tests to compare the distributions. We consider
P � .05 statistically significant. SAS 9.3 (SAS Institute,
Cary, North Carolina) was used for all data analysis.

Results

Forty-one subjects were identified by billing records as
having been in the PICU and having received an inhaled
gas in the 18 months before protocol implementation. Three
of those subjects were found to have received helium-
oxygen mixture instead of INO and were thus not included
in the analysis. Thirty-eight subjects were identified by
hospital billing records as having been in the PICU and
having the aforementioned charge description master codes
for extensive gas delivery after protocol implementation.
All 38 subjects received INO. The subject characteristics
can be seen in Table 1. The median cost per subject of INO
in the pre-protocol group was $9,438 ($1,074–66,763)
and $4,152 ($1,152–63,286) in the post-protocol group,
which was a statistically significant difference (P � .01).
The median duration of INO use in the pre-protocol group
was 123.3 h (2.1–759.5 h) and 45.4 h (0.3–878.9 h) in the
post-protocol group, which was not a statistically signifi-
cant difference (P � .06). There were 7 deaths in the
pre-protocol group and 11 deaths in the post-protocol group,
which was not a statistically significant difference (P � .28).
There was no statistically significant difference in the hours
of mechanical ventilation (P � .78) or stay in the hospital
(P � .58) or ICU (P � .42). Table 2 provides a detailed
summary of the results.

Discussion

The use of INO in pediatric critical care is controversial.
A recent meta-analysis observed no difference associated
with the use of INO in postoperative congenital heart dis-
ease patients in regards to mortality, mean airway pres-
sure, FIO2

, or PaO2
.17 Other studies demonstrate its effec-

tiveness in the management of postoperative pulmonary
hypertension in congenital heart disease patients.18,19 Large
multi-center trials have demonstrated that INO reduces the

need for extracorporeal membranous oxygenation in new-
borns with persistent pulmonary hypertension.20,21 Given
the high cost of INO and the lack of demonstrable effect
on mortality, utilization of a protocol to minimize costs
without adversely affecting outcomes is prudent.

In this study, we determined that the systematic imple-
mentation of an INO protocol in a PICU decreases cost
associated with its use. One benefit to this particular pro-
tocol was the use of the setup protocol (Fig. 1). The setup
protocol utilizes objective criteria to determine whether
the subject has responded to the initiation of INO. If the
subject is a nonresponder, the INO is stopped after 15 min.
If the patient is a responder, the INO is continued and the
weaning protocol is implemented. The weaning protocol
requires that attempts to wean INO are performed every
12 h.8 The INO is weaned as much as tolerated with each
attempt, ensuring that if the subject meets objective crite-
ria for discontinuation, INO will be discontinued. The use
of a setup protocol to determine whether the subject ob-
jectively improves with the addition of INO in combina-
tion with repeated attempts at weaning help to ensure that
INO is not continued unless the clinical condition requires
it.

There was no statistically significant difference in mor-
tality between the pre- and post-protocol groups in this
study. However, the raw data reveal 18% mortality (7
deaths) in the pre-protocol group and 29% mortality (11
deaths) in the post-protocol group. As presented in Table
1, the indication for INO use, although not statistically
significant, appears to have shifted from primarily hypoxia

Table 1. Subject Characteristics

INO
P

Pre-Protocol Post-Protocol

Subjects, n 38 38
Indication (% hypoxia) 63 47 .17
Gender (% male) 71 74 .80
Age (d)

Median 4.5 4.4 .95
Range 0–211 0–5,797

Table 2. Results

INO
P

Pre-Protocol Post-Protocol

Subjects, n 38 38
Death (%) 18 29 .28
ICU LOS (d)

Median 16 18.5 .42
Range 2–107 0–246

Hospital LOS (d)
Median 27 25.5 .58
Range 2–378 0–246

INO duration (h)
Median 123.3 45.4 .06
Range 2.1–759.5 0.3–878.9

Cost ($)
Median 9,438 4,152 � .01
Range 1,074–66,763 1,152–63,286

Ventilator time (h)
Median 312.3 288.7 .79
Range 0–2,570 0.4–5,904

LOS � length of stay
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in the pre-protocol group to congenital heart disease in the
post-protocol group. It should be noted that the protocol
implementation process coincided with a revitalization of
the congenital cardiac surgical program at our institution,
and the complexity of congenital cardiac lesions and sur-
gical procedures performed during this time was ever-
increasing. The authors feel that the increased number of
deaths in the post-protocol group, although not statistically
significant, likely reflects an increase in the severity of
illness rather than a reflection on the use of the protocol.
In fact, anecdotally, some intensivists felt the protocol was
too conservative.

The median duration of INO use and ventilator hours
were lower in the post-protocol group, although this was
not statistically significant. Further prospective study eval-
uating the implications of an INO protocol on ventilator
hours is warranted, as this could present an additional cost
savings.

The limitations to this study include its retrospective
nature and the relatively small sample size. Initially, this
study began as a quality improvement project. Data were
collected in a retrospective and de-identified fashion in
compliance with institutional review board requirements
for quality improvement projects. Only the data presented
here were collected. Common severity of illness scores,
such as pediatric risk of mortality scores, were not avail-
able at our institution. Indications for INO initiation were
divided into 2 broad categories of hypoxia and congenital
heart disease. For these reasons, it is possible that the pre-
and post-protocol groups were composed of different pa-
tient populations with different indications for administra-
tion of INO in the hypoxia group. Given the retrospective
nature of the study, it is not possible for us to be certain of
protocol adherence. Thus, the decrease in cost and hours
on INO could have simply been due to the Hawthorne
effect, rather than to strict protocol adherence. However,
these reductions are still an important result of protocol
implementation. This study demonstrates that use of a pro-
tocol to drive nitric oxide administration limits hours on
nitric oxide and therefore decreases costs associated with
INO use with no statistically significant difference in mor-
tality. A randomized prospective study is warranted to
evaluate the use of these protocols to drive INO therapy
with careful attention to safety, efficacy, adherence, and
cost effectiveness.

Several studies have demonstrated that protocol imple-
mentation can improve care and increase adherence to
evidence-based medicine guidelines. We utilized the ap-
proach advocated by Kollef et al22 for protocol develop-
ment. Perhaps the greatest barrier to protocolizing care is
the actual implementation process. In our study, we uti-
lized a videotaped didactic lecture along with web-based
training to disseminate information regarding the indica-
tions for INO use and the actual performance of the pro-

tocol. We found this approach to be an efficient and ef-
fective way of targeting the information to all necessary
personnel who may come in contact with a subject on the
protocol. In the ICU, there are people who may work only
nights or who may float into the ICU only occasionally.
Utilizing the web-based training allowed us to reach all
individuals who could be involved in the care of these
subjects in a timely and efficient manner.

Conclusions

Implementation of a protocol to direct the administra-
tion of INO in a PICU decreased direct cost associated
with INO with no statistically significant difference in
mortality. In a time of increasing awareness of the cost of
medicine and increased incentives to provide better care at
lower costs, protocol development should likely play an
important role. With systematic implementation and care-
ful monitoring for patient safety, evidence-based protocols
can streamline processes. As doctors, nurses, and other
healthcare professionals become increasingly burdened
with documentation requirements and large patient vol-
umes, protocols can provide a means of providing care in
a timely, evidence-based manner. Not all treatments or
conditions will be amenable to protocol utilization, but
with evidence-based development, systematic implemen-
tation, quality assurance controls, and frequent reviews,
protocols can be a helpful adjunct in the provision of care.
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