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Abstract
Background Bronchopulmonary Dysplasia (BPD) is the most common prematurity complication. Although several prac-
tices have been proposed for BPD prevention, none of these in isolation prevent BPD.
Methods Our initiative focused on two key drivers: oxygen management and noninvasive ventilation strategies. We created
best practice guidelines and followed outcome measures using Shewhart control charts.
Results PDSAs of protocols preceded a large-scale rollout of a “0.21 by 28” campaign in 2014 leading to a special cause
reduction in the “any BPD” rate, and a decrease in severe BPD (from 57 to 29%). At the end of 2017, we reinvigorated the
project, which led to dramatic decreases in the “any BPD” rate to 41% and the “severe BPD” rate to 21%.
Conclusions A multidisciplinary QI initiative focused on process improvement geared towards the pathophysiological
contributors of BPD has successfully reduced the rate of BPD in an all referral level IV NICU.

Introduction

Available knowledge

Bronchopulmonary Dysplasia (BPD), first described by
Northway et al. [1], remains the most common complication
of prematurity [2]. BPD infants have higher incidence of
sepsis, intraventricular hemorrhage, mortality, readmission
after discharge, and long-term neurodevelopmental delays
[3]. BPD incidence is inversely correlated with gestational
age at delivery and is the highest among infants born <1000
g (extremely low birthweight (ELBW)) [3]. Since the
incidence of BPD is significantly higher among ELBW
infants, transfer to tertiary centers for definitive care is

required where, in some studies, the rate of BPD approaches
100% [4]. While advances have significantly improved
ELBW survival, BPD rates have not improved [5].

Definitions of BPD vary, although the most accepted
definition is the need for oxygen or respiratory support at
36-weeks postmenstrual age (PMA). Infants on room air at
36-weeks PMA do not have BPD. Infants requiring an
effective fraction of inspired oxygen (FiO2) < 30% and not
requiring positive pressure have mild BPD, and those with
an effective FiO2 ≥ 30% and/or positive pressure have
severe BPD [6, 7]. Severe BPD is further subclassified as
type 1 (continuous positive airway pressure (CPAP) or
high-flow nasal-cannula (HFNC; >2 l/min flow) at 36-
weeks PMA) and type 2 (ventilator dependence at 36-
weeks PMA). Infants with type 2 severe BPD more often
have severe complications, including pulmonary hyper-
tension, poor growth, and neurodevelopmental problems
[7, 8].

Numerous medical management interventions have been
proposed to prevent BPD, including avoiding mechanical
ventilation, using “gentle ventilation” strategies (such as
administrating CPAP in the delivery room and using bubble
CPAP), and intubation/extubation for surfactant instillation.
However, none of these in isolation have conclusively
proven to prevent BPD. Several studies have demonstrated
increases in BPD incidence even as BPD prevention stra-
tegies have been successfully implemented [9].
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Problem description

We recognized that our referral level IV Neonatal Intensive
Care Unit (NICU) had a relatively high incidence of BPD
compared with similar units, which had worsened from
2012 to 2013. Therefore, in 2014, we inaugurated a project
to reduce BPD incidence through quality improvement (QI)
methodology.

Our specific AIM was to decrease the rate of any BPD
from 73 to 58% (a 20% reduction of baseline) by August
31, 2018 for infants born under 32 0/7 weeks’ gestation,
admitted to the Nationwide Children’s Hospital (NCH)
main campus nursery by day-of-life (DOL) 28. Therefore,
we excluded infants admitted at or above 36-weeks PMA as
their diagnosis of BPD would be prior to arrival at
our NICU.

We hypothesized that all practitioners might not be
aware of our local problem, and were preoccupied with
other QI efforts, suggesting that an intensive effort to edu-
cate and change culture would be necessary and sufficient to
create improvement. We created protocols addressing oxy-
gen management in the first month of life and invasive and
noninvasive ventilation strategies, and instructed that all
providers were responsible for all care (360-degree
accountability).

Context

This initiative occurred at a tertiary, all referral children’s
hospital with 114 neonatal beds and ~850 neonatal admis-
sions per year. NCH is a unique network of NICUs, with
three physician practices (one academic and two private)
admitting and caring for neonates at the tertiary care center
(“main campus”). NCH also owns one Level II and five
Level III NICUs regionally, operated by the same three
physician groups who triage the sickest infants (usually
infants with morbidities requiring other pediatric specialists)
to the main campus. The infants were cared for in the main
campus NCH Level IV NICU that includes the Compre-
hensive Center for Bronchopulmonary Dysplasia (a 24-bed
unit dedicated to the care of the sickest BPD patients
referred nationally [10]) and a small baby unit (a specially
trained team, including physicians, nurses, physical and
occupational therapists and nutritionists, caring for infants
born at less than 27 weeks, as previously described [11]).

We created a multidisciplinary QI team (physicians,
bedside nursing leaders, respiratory therapists (RT),
administrative leadership, nurse practitioners, data analysts,
and clinical therapists) with the mandate to decrease BPD in
the high-risk population of the main campus NICU. Clinical
practice guidelines [12] for the prevention and management
of BPD were developed to optimize several lung-protective
strategies based on the current available systematic review

of the evidence. Because of NCH’s focus on quality and
safety [13, 14], our team included multiple individuals with
formal training in the Institute for Healthcare Improvement
(IHI) methodology [15], and the project had senior leader-
ship support.

Interventions

The target and measured population for this project were
infants born under 32 0/7 weeks’ gestation, admitted to the
NCH main campus nursery by DOL 28. We used IHI
methodology and created our key driver diagram (Supple-
mentary Fig. 1).

In response to our high rates of BPD and severe BPD, in
2014, we focused on two primary drivers: Oxygen man-
agement in the first month and ventilation strategies. We
initiated three primary interventions via several plan-do-
study-act (PDSA) cycles. Because the interventions focused
on developing protocols, all PDSAs involved having pro-
gressively larger numbers of individuals from multiple
disciplines test the practicality of the protocols and provide
feedback. Our protocol development targeted three major
pathophysiological contributors to BPD. First, to reduce
pulmonary barotrauma, we developed an RT-driven pro-
tocol to speed extubation of infants in the NICU (Supple-
mentary Fig. 2). Second, to reduce oxygen toxicity, we
revised our oxygen saturation guidelines and emphasized
the goal of being on 21% oxygen by DOL 28 (“0.21 by 28”
campaign). The target saturations for all infants under
32 weeks PMA, which had previously varied by provider,
was standardized at 90–95%. Third, to reduce oxygen need,
scarring, and inflammation from atelectasis, we developed a
noninvasive respiratory support protocol encouraging the
use of CPAP through 36-weeks PMA unless the infant
could come off CPAP without requiring more than minimal
oxygen beyond 32 weeks PMA (Supplementary Fig. 3).
The intention of these efforts were to minimize practice
variations in respiratory modalities offered to the babies.
The three protocols were introduced simultaneously in
April 2014.

Following these interventions, we saw improvement in
oxygen use at DOL 28 and severe BPD, but the rates
returned to initial baseline or worse in 2016. We suspected
that this was multifactorial: (1) incomplete buy-in from
some staff into the guidelines, (2) ineffectiveness of edu-
cation as the main intervention, (3) continual staff turnover,
and (4) inability to keep focus on BPD prevention with
multiple other QI initiatives taking place. For example,
internal data collected through 2017 showed poor com-
pliance with saturation alarm limit settings, with many set
inappropriately at 100%. Therefore, in late 2017 we laun-
ched a “reinvigoration” of the project and added more
interventions based on the two primary drivers. We
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appointed a lead RT person during the days whose primary
focus was to monitor compliance to protocols and saturation
limits that were set on the monitor. In efforts to objectively
and consistently manage supplemental oxygen in real time,
we initiated the practice of utilization of SpO2 histograms.

Finally, we created weekly rounds (called “Cure Me”
rounds) to improve process adherence to the interventions
from 2014. The “Cure Me” rounds, led by a nurse and RT
project-champion included education on the physiology of
neonatal lung development, oxygen management guide-
lines, appropriate saturation alarm limits, target saturations,
use of oxygen saturation histograms to evaluate oxygena-
tion needs, and proper use of the standardized protocol for
noninvasive positive pressure support. Protocol deviations
were fixed during rounds and providers given real-time
feedback about their practice variation.

To create a more effective sustain, an RT now randomly
audits saturation alarm limits and histograms on a weekly
basis to monitor compliance and provide real-time feedback
and reinforcement to the “Cure Me” rounds. We review
these results at our monthly meetings.

Measures

The primary outcome measures were the percentage of
infants developing “any BPD” (presence of any oxygen
and/or any respiratory modality at 36-weeks PMA) and
“severe BPD” (FiO2 > 30% and/or positive pressure venti-
lation and/or HFNC at 36-weeks PMA) developed accord-
ing to the definitions produced by the Children’s Hospital
Neonatal Database [16]. Process measures included percent
of babies on oxygen on DOL 28, time to first extubation
attempt, the ratio of CPAP to endotracheal tube (ETT) days
and compliance with setting appropriate saturation alarm
limits. The balancing measure was skin pressure injuries
related to CPAP. Infants who did not survive to 36-weeks
PMA were excluded from analysis. All data were obtained
from our internal abstracted database or from random
manual audits (saturation alarm limits).

Analysis and ethical considerations

Data were plotted on control charts using statistical process
control charts, as well as a Microsoft Excel plug-in coded
by this institution’s statistician. We used standard Nelson
Rules and rules from the American Society for Quality to
determine statistical significance. All centerlines are means.
Upper and lower control limits (expected bounds of per-
formance, giving the limits of common cause variation) are
shown on the charts. Specific rules allowing a shift included
8 points in a row, or 10 points out of 11, or 12 points out of
14 above or below a centerline (http://asq.org/learn-about-
quality/data-collection-analysis-tools/overview/control-cha

rt.html). Other rules for special cause were used once [17].
This project was classified by the institutional review board
as QI work and did not require full review.

Results

The average gestational age at birth in this cohort was
27.7 weeks CGA in 2012, declined to 26.9 in early 2013,
and then increased to 27.6 in late 2014 and has remained
constant. Birthweight throughout the project averaged 1081
g (SD 424 g) with no trends. DOL at transfer to the main
campus NICU averaged 7.8 days (SD 8.2 days) with no
trends. Mortality rates in our dataset over this period did not
change significantly (data not shown). When we started the
project in January of 2014 (after all three tracked metrics
had control chart shifts in an undesired direction in 2013)
our baseline rates were 80% (of supplemental oxygen at
DOL 28), 73% (outcome measure of infants developing any
BPD), and 57% (of infants developing severe BPD)
(Figs. 1–3).

Following PDSAs culminating in a large-scale “rollout”
of the “0.21 by 28” campaign in April 2014, the centerlines
shifted in oxygen use at DOL 28 and severe BPD. The
percent of infants on oxygen at DOL 28 decreased to 53%
and the percent of infants with severe BPD decreased to
29%, with all shifts occurring between April and August
2014 (Figs. 1 and 3). The rate of any BPD did not show a
shift, but a 4-month-long special cause signal was seen
shortly after the interventions (Fig. 2). Another protracted
period of statistically significant improvement in the any
BPD rate was seen for 13 months in 2015–2016, although
not meeting “traditional” SPC rules [17].

In 2016, the two metrics which had shown improvement
worsened. At the end of 2017, we selected a new goal to
decrease any BPD to 40%, reinvigorated the project, and
introduced “Cure Me” rounds, which led to improvement in
all three metrics to the lowest levels seen over the 6 years
tracked on the control charts (Figs. 1–3).

The ratio of the number of days on CPAP to the number
of days with the invasive ETT increased gradually from
2015 to 2017 and dramatically in 2018 (Fig. 4). While this
metric cannot be temporally linked to outcomes (due to
annualized values), the data suggest improvement in
reduction of ETT days and increase in CPAP days, both of
which were desired results from the interventions. Com-
pliance with setting appropriate saturation alarm limits is
~90%, and the time to first extubation attempt decreased
from 34 days to 10 days in May 2015 and has been sus-
tained (Supplementary Fig. 4).

We further evaluated the subset of severe BPD patients,
on mechanical ventilation. The proportion of infants on
invasive mechanical ventilation at 36-weeks PMA (Type
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2 severe BPD as explained above) fell from 47% in 2014 to
4% in 2018 (data not shown).

Because our initiative was expected to create a much
higher use of CPAP, and respiratory devices are a common
cause of pressure injuries, our balancing measure was skin
pressure injuries related to CPAP. Fortunately, our NICU
had a QI initiative to decrease pressure ulcers, which
coincided with this project [18]. During these projects,
pressure ulcers decreased from 0.6 per 100 CPAP days in
2014 to 0.27 per 100 CPAP days in 2018.

Discussion

We describe our experience with a multidisciplinary QI effort
to decrease the incidence of BPD in an all referral Children’s
Hospital NICU. Despite decades of BPD studies, many recent
cohorts of ELBW infants have shown an increase in the BPD
incidence [5, 19]. Thus, strategies to decrease the incidence of
BPD have been of high priority to neonatologists [20]. The
key drivers in our QI project were derived from the known
physiologic mechanisms leading to BPD [21]. Our interven-
tions included those that have shown evidence of reducing the
incidence of BPD [20, 22]. The combination of guideline
development/rollout was only partially and temporarily
effective, until consistent project champions could provide
timely, non-punitive actionable feedback to the front line staff
to improve adherence (“Cure Me” rounds). This observation

underscores the need to monitor improvements during a
sustain phase, in case a new system has not become fully
embedded into the culture [23].

Our “0.21 by 28” efforts demonstrate that a conscious
effort to reduce FiO2 while maintaining SpO2 goals in the
first 28 days-of-life resulted in improved pulmonary out-
comes at 36-weeks PMA. Our results are consistent with a
recent study by Wai et al. [22], wherein a secondary ana-
lysis of the Trial of Late SURFactant to Prevent BPD data
demonstrated that a lower cumulative supplemental oxygen
exposure at DOL 14 correlated with a lower incidence of
BPD or death [24, 25]. Similarly, Stevens et al. [26]
reported that the area under the supplemental oxygen curve
at DOL 72-h was a predictor of later respiratory symptoms
and need for medications to treat them in very low birth-
weight infants.

The need for mechanical ventilation has been linked to
the development of BPD, and despite no randomized con-
trolled trials, avoidance of invasive mechanical ventilation
correlates with lower rates of BPD in preterm infants
[27, 28]. Therefore, another part of our multidisciplinary
approach to BPD reduction was to develop and implement a
respiratory-therapist-driven extubation-protocol for this
population. In this high-risk population of preterm infants,
we were able to extubate babies sooner and use more non-
invasive positive pressure support, which correlated with a
decrease in our rates of any BPD and severe BPD over the
same period. These results are consistent with our previous

Fig. 1 p control chart showing percent of babies in cohort popu-
lation requiring oxygen on day-of-life 28. Solid red= centerline
(mean). Dashed blue= points used for baseline calculation. Dashed
red= control limits. Dashed green= goal. Shifts meet ASQ rules
(March 2013= 12 out of 14 as July 2013 is above previous centerline;

August 2014= 8 in a row; October 2016= 8 in a row; December
2017= 8 in a row). 12 points were used to calculate all centerlines.
Centerlines starting in 2013 are 80%, 53%, 68%, and 37%. (Color
figure online).

684 R. Bapat et al.



data from our extremely low gestational age patients, which
demonstrated that the earlier an extubation attempt was
made, the lower the rate of BPD or severe BPD, even if re-
intubation was required [29]. During the process of this
project, since we anticipated increase in rates of CPAP, we
undertook proactive measures to minimize skin pressure
injuries, such as weekly dedicated skin rounding team, daily
evaluation and vigilance by both RT and bedside nurse.

If we consider only those infants with severe BPD, the
proportion of infants on invasive mechanical ventilation at
36-weeks PMA fell from 47% in 2014 to 4% in 2018 (data
not shown), indicating that this QI effort reduced the worst
of the worst outcomes. Abman et al. [8] suggested that
infants with severe BPD comprise a very heterogeneous
group with a wide range of “severity” and that one could
begin to assess the severity using the need for invasive
mechanical ventilation as a marker. Our findings suggest
that even when the infant develops severe BPD, efforts to
extubate patients earlier can attenuate the severity of the
disease.

In this QI initiative, we have thus far not evaluated the
direct effect of our interventions on subsets of gestational
age, associated neonatal morbidities, such as length of stay,
tracheostomy rates, retinopathy of prematurity, or neuro-
developmental outcomes. We hope to evaluate these in the
future. Our team also hopes to focus on other drivers such
as preadmission respiratory management, nutrition, and
other comorbidities as mentioned in the key driver diagram
which may have an impact on decreasing the rates of BPD.
No standardized changes in use of steroids or other medi-
cations were introduced in our NICU during this project. As
our next step, we look forward to utilizing these standar-
dized measures, real-time data compliance, and multi-
disciplinary collaboration with other centers to improve care
for this population.

In summary, we describe a multidisciplinary QI initiative
to decrease our rates of any BPD and severe BPD. The QI
project utilized key drivers with design changes/interven-
tions based on physiologic pulmonary mechanics and
focused on process improvement. Using this approach, we

Fig. 2 p control chart showing percent of babies with any BPD at
36 weeks corrected gestational age. Solid red= centerline (mean).
Dashed blue= points used for baseline calculation. Dashed red=
control limits. Dashed green= goal. Shifts meet ASQ rules (January
2013= 12 out of 14; November 2017= 8 in a row). 12 points were
used to calculate all centerlines. Two other special cause signals are

indicated by red points: August–November 2014= 2 out of 3 in outer
third of control limit; September 2015–September 2016= run which
meets rule for statistical significance without meeting “traditional”
SPC rules (see Wheeler et al. [17]). Centerlines are 52%, 73%, and
41%. (Color figure online).
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demonstrate a reduction in the rate of BPD in the NICU of
our all referral Children’s Hospital Level IV NICU from
73% in 2013 to 41% in 2018 and in severe BPD from 57%
in 2013 to 21% in 2018. The number of infants admitted or
the severity of their illness during that period were not

substantially changed. Our data suggest that a focused,
multidisciplinary, stringent QI approach to BPD reduction
focused on process improvement can substantially improve
BPD rates.

Conclusions

The definition, pathophysiology, and management of BPD
has evolved significantly since first described by Northway
almost 50 years ago. Advances in neonatal care have
resulted in increased rates of survival of extremely pre-
mature infants leading to an emerging population of long-
term survivors of BPD. In this paper, we highlight our
interdisciplinary QI efforts to address the complex physio-
logic pulmonary mechanisms of these patients that are cri-
tical and influence outcomes of BPD.
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Fig. 3 p control chart showing percent of babies in cohort popu-
lation with severe BPD at 36 weeks corrected gestational age. Solid
red= centerline (mean). Dashed blue= points used for baseline cal-
culation. Dashed red= control limits. Dashed green= goal. Shifts

meet ASQ rules (April 2013= 10 out of 11; April 2014= 10 out of
11; June 2016= 8 in a row; December 2017= 8 in a row). 12 points
were used to calculate all centerlines. Centerlines starting in mid-2013
are 57%, 29%, 40%, and 21%. (Color figure online).

Fig. 4 Number of CPAP days (blue bars), ETT days (red bars) and
ratio of CPAP to ETT days (green line), by year. 2018 is through
the end of August, 2018. (Color figure online).
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